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X-ray Reverberation 

•  X-­‐ray	
  emission	
  originates	
  
close	
  to	
  the	
  BH.	
  

•  Fast	
  variability	
  +	
  Reflection:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
à	
  Reverberation	
  

•  In	
  AGN,	
  the	
  reflection	
  
spectrum	
  reverberates.	
  

•  In	
  BHB,	
  the	
  blackbody	
  from	
  
the	
  disk	
  may	
  reverberate	
  (See	
  
Ed	
  Cackett’s	
  talk).	
  



X-ray Reverberation 

•  Unlike	
  optical	
  reverberation,	
  
X-­‐ray	
  lags	
  in	
  AGN	
  are	
  
timescale-­‐dependent	
  à	
  
Frequency-­‐dependent	
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Fig. 1 Optical continuum (top) and broad Hβ emission-line (bottom) light curves for Mrk 335. The vari-
ations in Hβ follow those in the continuum by 13.9 ± 0.9 days. The continuum fluxes are in units of
10−15 ergs s−1 cm−2 Å−1 and the emission-line fluxes are in units of 10−13 ergs s−1 cm−2. Black points
are from MDM, blue points are from Wise Observatory, and red points are from Crimean Astrophysical
Observatory. Data are from Grier et al. (2012a, 2012b)

1. The emission lines respond rapidly to continuum changes (Fig. 1), showing that the BLR
is small (because the light-travel time is short) and the gas density in the BLR is high
(so the recombination time is much shorter than the light-travel time). It is also noted
that the dynamical timescale (of order RBLR/∆V ) of the BLR is much longer than the
reverberation timescale (of order RBLR/c), so the BLR is essentially stationary over a
reverberation monitoring program.

2. The continuum-emitting region is so small compared to the BLR it can be considered to
be a point source. It does not have to be assumed that the continuum emits isotropically,
though that is often a useful starting point.

3. There is a simple, though not necessarily linear or instantaneous, relationship between
variations of the ionizing continuum (at λ < 912 Å) and the observed continuum (typi-
cally at λ ∼ 5100 Å). The fact that reverberation works at all justifies this at some level
of confidence.

3.2.2 The Transfer Equation

Over the duration of a reverberation monitoring program, the continuum behavior over time
can be written as C(t) = ⟨C⟩ + ∆C(t) and the emission-line response as a function of line-
of-sight velocity VLOS is L(VLOS, t) = ⟨L(VLOS)⟩ + ∆L(VLOS, t) where ⟨C⟩ and ⟨L(VLOS)⟩
represent mean values and ∆C(t) and ∆L(VLOS, t) are the variations around the mean val-
ues. On a reverberation timescale, both continuum and emission-line variations are usually
rather small (typically ∼10–20 %) so even if their relationship is non-linear, it can be mod-
eled as linear on short timescales. In this case, the relationship between the continuum and
emission-line variations can be written in terms of the time delay τ as

∆L(VLOS, t) =
∫

Ψ (VLOS, τ )∆C(t − τ ) dτ, (1)

which is usually known as the “transfer equation” and Ψ (VLOS, τ ) is the “transfer func-
tion.” Inspection of Eq. (1) shows that Ψ (VLOS, τ ) is the observed response to a δ-function
continuum outburst.

Grier+12	
  



Observed Reflection Lags 

•  First	
  seen	
  in	
  the	
  soft	
  
excess	
  (Fabian+09,	
  AZ
+10,11	
  etc.)	
  

	
  



Observed Reflection Lags 

•  First	
  seen	
  in	
  the	
  soft	
  
excess	
  (Fabian+09,	
  AZ
+10,11	
  etc.).	
  

•  The	
  iron	
  K	
  Line	
  (AZ
+12,13,15,	
  

	
  	
  	
  Kara+13,14).	
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Fig. 13 The iron K lag in NGC 4151. The lag-energy spectrum is read from bottom to
top, such that the continuum emission at 2 keV responds first, followed by the red wing of
the iron line 1000 s later, and lastly the blue horn of the line 1000 s after that. The higher
frequency lags (5–50 × 10−5 Hz) in red show emission from smaller radii, and therefore are
dominated by the red wing of the line, while the blue shows the lower frequency lags (1–
2× 10−5 Hz), which show the line from larger radii, closer to the rest-frame energy. Figure
from Zoghbi et al. (2012).

disc, but actually identified the reverberation from light echoing from different
parts of the accretion disc.

In addition to finding the first Fe K lag, Zoghbi et al. (2012) discovered
the frequency-dependence of the Fe K lag. At low frequencies (1–2×10−5 Hz),
the lag-energy spectrum shows the prominent core of the Fe K line, peak-
ing at close to the rest energy. However, at higher frequencies the line core
is suppressed in the lag-energy spectrum and we see systematically shorter
lags peaking more in the red wing of the line. A likely explanation for this
behaviour is that we are seeing the first evidence of the systematically shorter
length-scales which produce the red wing of the line, from closer to the black
hole where gravitational and transverse Doppler shifts are strongest. At high
Fourier frequencies, the larger-scale rest-frame emission should be washed out
by the larger light-crossing times, and effectively removed from the lag-energy
spectrum, revealing the red-wing of the line which is preserved in the lag-
energy spectrum due to the short light-travel times from the compact central
corona to the inner disc (see Sect. 4.3.2 for a more detailed explanation of this
effect). Hints of frequency dependence of the Fe K lag have been seen in other
sources (Zoghbi et al. 2013b; Kara et al. 2014), but only NCG 4151 with its
high count rate, shows a significant frequency dependence so far.



Lags Are Correlated With Mass 

•  Seen	
  in	
  the	
  soft	
  excess.	
  
(De	
  Marco+12)	
  

	
  
•  Then	
  in	
  the	
  iron	
  K	
  Line.	
  
(Kara+16)	
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5 DISCUSSION

5.1 Reverberation correlations with mass and

mass accretion rate

The time lag between the continuum and the reflected iron K
emission is caused by the light travel time between the
corona and the ionized accretion disc. Therefore, if all sys-
tems roughly have a similar coronal geometry, we expect
that the amplitude of the lag will scale with black hole
mass. This reverberation lag-mass scaling relationship has
been shown for the soft lags (De Marco et al. 2013), and for
a few sources with iron K lags as well (Kara et al. 2013c).
The scaling relation also extends to reverberation in black
hole binaries (?).

In Fig. 5 we show the iron K lag-mass relation for the 13
sources with published iron K reverberation measurements
in magenta hexagons. The lag has been measured between
the 3–4 keV band and the 5–7 keV band. We use the re-
sults from the literature because the results on these indi-
vidual sources are likely to be the most complete analysis
performed. We use mass estimates from the literature, as
discussed in Section 2. Only 4 of the 20 sources in our sam-
ple have optical reverberation mass estimates. For clarity,
we do not plot the error on the mass, though the errors are
included when fitting the model. We use an Orthogonal Dis-
tance Regression fitting procedure to account for the error
in both x and y variables. For these sources with previously
published iron K results, the Spearman rank order correla-
tion coefficient is 0.69 with a p-value of 0.0098.

This study has allowed us to detect iron K reverberation
in a larger sample of sources. The cyan squares in Fig. 5 show
the new reverberation measurements (greater than 97 per
cent confidence level) found through this analysis. Some of
these sources have lower signal-to-noise reverberation signa-
tures. For these sources, it is not always possible to mea-
sure the lag between the 3–4 keV bin and the 5–7 keV bin,
due to the large energy bins required for the lower qual-
ity data. Instead, we calculated the difference between the
bins with the smallest and largest lags in the 2–7 keV band.
With this study, we are filling out the higher-mass end of
the relation, where reverberation is typically more difficult
to measure. For all 20 sources with detected iron K lags, we
find a Spearman Rank Order Correlation coefficient of 0.60
with a p-value of 0.0051. The grey solid line shows the best
fit linear model (in log-log space) to all 20 sources, and the
dashed lines show the 1σ errors on slope and y-intercept.
The four sources with Optical reverberation mass estimates
do not show a stronger correlation than other sources, which
could indicate that the spread we observe is due to intrinsic
difference in the source/accretion disc geometry, rather than
errors in the mass estimates.

For completeness, the same analysis is shown in Fig. 6
for the temporal frequency at which the iron K lag is found,
and the black hole mass. Similar results have been found for
the frequency of the soft lag in De Marco et al. (2013). As
discussed earlier, the frequency range of the iron K lag is de-
termined by the frequency at which there is a soft lag. The
y-axis error bars in Fig. 6 shows the frequency range, and
the y-axis value is the midpoint of that frequency range. The
correlation coefficient is stronger for the frequency-mass re-
lation than for the lag-mass relation, which suggests that it is
better to use the frequency-mass relation when determining

τ ∝ 0.7 MBH
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Figure 5. Iron K lag amplitude vs. mass for sources with previ-
ously detected iron K lags (magenta) and ones detected in this
work (cyan). See text for how amplitude of the lag was measured
for all sources. The black diagonal dot-dashed and dashed lines
show the time delay at 1 and 9 rg. The grey solid line indicates
the best fit linear model (on a log-log plot), and the grey dashed
lines indicate the 1-σ errors on the free parameters. Sources with
Optical reverberation mass estimates are highlighted with black
outlines. We find a Spearman Rank Order coefficient, rs = 0.60
at a probability of 0.0051. The correlation coefficient for just pre-
viously published iron K lags (magenta hexagons) is 0.69 with a
p-value of 0.0098.

the black hole mass of an object using X-ray reverberation
mapping.

While the reverberation lag is caused by the light travel
distance between the corona and the disc, we cannot sim-
ply convert the amplitude of the lag that we measure into
a light-travel distance. This is mostly because of dilution
effects. Both the 3–4 keV band and the 5–7 keV band are
composed of continuum and reflected emission. As a sim-
ple example: if both bands were composed of 50 per cent
direct continuum and 50 per cent reflected emission, then
we would measure zero lag between the bands, regardless of
the true light travel time delay between the corona and the
disc. However, in the reverberation cases we see here, the
3–4 keV band has a higher fraction of continuum emission
than the 5–7 keV band, which is why we measure a lag be-
tween the bands. Dilution will always cause the measured
lag to be less than the true light travel time delay between
the corona and the disc. Many effects, such as coronal ge-
ometry and ionization parameter can effect the reflection
fraction (and therefore the amount of dilution), so it is im-
portant to account for these effects when converting the lag
into a distance (Chainakun & Young 2015). While dilution
is important, we note that independent spectral modelling of
some of these sources indicates that this effect is usually not
greater than a factor of four (e.g. Kara et al. 2015). For this
simple lag-mass relation, we have not accounted for dilution

c⃝ 2016 RAS, MNRAS 000, 1–??
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effects because we wanted to show the model-independent
results. The diagonal lines show the mass-invariant distances
in gravitational radii for light travel distances from a point
source above the disc irradiating a face-on accretion disc. All
the sources lie within 10 rg, but we emphasize again that we
have not corrected for dilution, and so these values do not
reflect the true light travel distance. Nonetheless, what is
clear, is that the reverberation time delay is short for all
sources, suggesting a compact corona close to the central
black hole. Independent results from microlensing of distant
quasars also show that the X-ray emitting corona is com-
pact (within 10 rg) compared to the larger Optical emitting
region (e.g. ?).

There is clearly a large spread in this relation that we
need to understand. Some of the spread will be because
we have not modelled the dilution in these sources, as dis-
cussed in the previous paragraph. Some of the spread is
likely physical. For example, some sources may have very
compact coronae at a height of 2rg, while others may be
more extended and therefore the reverberation lag will be
longer. On the other hand, some source of the scatter is due
to observational biases. The amplitude of the lag depends
on the frequency at which the lag was measured. The fre-
quency range can be skewed because it is dependent on the
length and time resolution of our data. Sources with higher
mass have longer and slower reverberation signatures that
may be too long for our observations to detect (this is likely
what is happening in the case of IC 4329A, which shows
a very short reverberation lag for its large 2 × 108M/M⊙

black hole). The way to disentangle these physical and ob-
servational forms of scatter is to model the reverberation
(e.g. Cackett et al. 2014, Emmanoulopoulos et al. 2014, and
Chainakun & Young 2015).

With this growing sample of sources, we can begin to
examine other possible reasons for the potential spread in
coronal source heights. In Fig. 7, we show the inferred coro-
nal height (in units of gravitational radius) vs. Eddington
ratio for the 20 reverberation sources. The coronal height
is calculated assuming that the iron K lag amplitude is the
light travel time between a point source, on-axis corona and
a face-on disc. It does not account for dilution. Again we cau-
tion the reader against taking the value in rg as the actual
source height, but it it is a convenient way of thinking about
the reverberation lag without the dependence on mass. We
look for a possible correlation with Eddington ratio, which
is also independent of mass. The Eddington ratio was calcu-
lated using the bolometric luminosities calculated from the
SEDs in Vasudevan & Fabian (2007, 2009); Vasudevan et al.
(2010), and Wang et al. (2004). Where there were multiple
estimates of Lbol, we took the mean. There were no estimates
of Lbol for Swift J2127.4+5654, MCG-5-23-16, IRAS 18325-
5926 or ESO 362-G18, and so for those, we relied on esti-
mates from Miniutti et al. (2009), Beckmann et al. (2008),
Iwasawa et al., submitted, and ? respectively. The y-error
bars show the error associated with the lag amplitude and
the x-error bars show the spread in values for the bolomet-
ric luminosity. We do not include the error associated with
mass in either x or y variables. For sources with only one
estimation of the bolometric luminosity, we assume an error
of 0.2 dex when fitting the best fit linear model in log-log
space (shown as the grey solid line). There is large scatter
in this plot, though there are hints that the higher mass ac-

ν ∝ -0.59 MBH
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Figure 6. The temporal frequency at which the iron K lag is
measured vs. mass for sources with previously detected iron K lags
(magenta) and ones detected in this work (cyan). The grey solid
line indicates the best fit linear model (on a log-log plot), and the
grey dashed lines indicate the 1-σ errors on the free parameters.
Sources with Optical reverberation mass estimates are highlighted
with black outlines. We find a Spearman Rank Order coefficient,
rs = −0.68 at a probability of 0.001. The correlation coefficient
for just previously published iron K lags is -0.74 with a p-value
of 0.0037.

cretion rate sources have longer reverberation time delays.
We find a Spearman Rank Order Correlation Coefficient of
0.61 with a p-value of 0.0042.

As both Eddington ratio and coronal height are com-
puted by dividing by the mass, a large error on the mass
would shift the points in both x and y variables, and could
therefore produce a false correlation. However, our mass es-
timates are known to within a factor of a few, and therefore
this is unlikely. We confirm this by testing the correlation
between rg and bolometric luminosity. We find no correla-
tion. The Spearman Rank Order Correlation Coefficient is
0.33 at a probability of 0.16. This gives us confidence in the
correlation shown in Fig. 7.

Lastly, we ask: are sources with non-detections of rever-
beration consistent with these correlations? This can be a
challenging question to answer as there are different pro-
cesses occuring at different frequencies, and therefore we
must be careful that we are looking at the frequency range
that contains reverberation (rather than, for instance, the
hard continuum lag). To account for this, we look for sources
that have low-frequency hard lags that go to zero at the
highest frequencies. Previous results (like those in Fig. 3)
show that the reverberation lag occurs at higher frequencies
than the hard lag, and because of this, we postulate that in
these sources with non-detections, reverberation would be at
these high frequencies if the data quality were high enough.
There are 13 sources that show clear hard lags at low fre-
quencies, but do not show significant reverberation at high

c⃝ 2016 RAS, MNRAS 000, 1–??



Observed Reflection Lags 

•  First	
  seen	
  in	
  the	
  soft	
  
excess	
  (Fabian+09,	
  AZ
+10,11	
  etc.).	
  

•  The	
  iron	
  K	
  Line	
  (AZ
+12,13,	
  Kara+13,14).	
  

•  The	
  Compton	
  Hump	
  
possibly	
  (AZ+15,	
  Kara
+15).	
  



Observed Reflection Lags 

•  Lag	
  vs	
  frequency	
  for	
  two	
  
energy	
  bands.	
  

•  Lag	
  vs	
  energy	
  at	
  some	
  
frequency	
  à	
  reflection	
  
fraction.	
  

•  Current	
  modeling	
  
attempts	
  



The Next Steps With STROBE-X: Sensitivity 

•  Signal	
  considerations.	
  

•  N:	
  Num.	
  of	
  Frequencies:	
  observation	
  length	
  &	
  frequency	
  band.	
  
•  P:	
  Intrinsic	
  to	
  the	
  object.	
  
•  R:	
  ‘Noise	
  factor’	
  related	
  to	
  detector	
  sensitivity.	
  

•  Assume:	
  

6.2. LAG UNCERTAINTIES

point is to estimate the lag uncertainty as a function of the source counts and variability

power. Let x(t) and y(t) be two measured light curves whose lag is to be calculated.

Each light curve has contribution from the source itself and from the noise so that:

x(t) = s(t)+ns and y(t) = h(t)+nh, where s and h are the intrinsic source light curves

in the two bands, and ns and nh represent the noise assumed here to be Poisson counting

noise. The uncertainty in the phase measurement is (Nowak et al. 1999):

∆φ(f) = N−1/2

√

1 − g(f)

2g(f)
(6.1)

where g(f) is defined as:

g(f) =
|⟨X∗(f)Y (f)⟩|2

⟨|X(f)|2⟩⟨|Y (f)|2⟩
(6.2)

X(f) and Y (f) are the Fourier transforms of x(t) and y(t) respectively. ∗ denotes the

complex conjugate and the angle brackets mean an average over an ensemble of N time

series. Writing the noise components explicitly gives:

g(f) =
|⟨S∗H⟩|2

(⟨|S|2⟩ + ⟨|Ns|2⟩)(⟨|H|2⟩ + ⟨|Nh|2⟩)
(6.3)

The nominator can be rewritten using the definition of the coherence (e.g. eq. 7 in

Nowak et al. 1999) γ2(f) = |⟨S∗H⟩|2/(⟨|S|2⟩⟨|H|2⟩). For the denominator, we can write

the powers explicitly too with: ⟨|S|2⟩ = P1, ⟨|H|2⟩ = P2, ⟨|Ns|2⟩ = 2/R1 and ⟨|Nh|2⟩ =

2/R2, where R1, R2 are the count rates in the two bands, where we have assumed the

counting statistics are the main source of noise. We can further assume that γ2(f) = 1

intrinsically, which is reasonable knowing we are dealing with a direct and simply a

reflected emission. Putting these in eq. 6.1 we find:

∆φ(f) = N−1/2

√

2

P1P2R1R2
+

1

P1R1
+

1

P2R2
(6.4)

Where N here depends on the exposure time and the frequency band of interest. The

uncertainty in the lag is then ∆τ = ∆φ/2πf .

In order to link this estimate to the capabilities of current and future observatories

and to the AGN and BHB populations, it can be noted that R1 and R2 are directly

related to the source flux (and the effective area of the detectors) while the powers can

be linked to the black hole mass. For the latter, McHardy et al. (2006) showed that

the break frequency in the power spectra of accreting black holes scales with mass.

Gierliński et al. (2008) also showed that there is a relation between the black hole mass

and the normalisation of the high frequency power spectrum when fitted with a power-

law of index -2. Here, we use the latter relation to link P1 and P2 in eq. 6.4 to the

mass of the black hole. The black holes are assumed to have power-law spectra with a

photon index of 2, with a iron K line at 6.4 with an equivalent with of 300 eV. The lags

are measured between the 6.3–6.5 keV and the whole 0.3–10 keV bands.

In the plane of black hole mass vs flux, the uncertainty can be plotted for differ-
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The Next Steps With STROBE-X: Sensitivity 

•  Lag	
  sensitivity	
  plot.	
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The Next Steps With STROBE-X: Sensitivity 

•  Lag	
  sensitivity	
  plot.	
  

•  Curves	
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The Next Steps With STROBE-X: Sensitivity 

•  Sources	
  to	
  be	
  explored:	
  
Using	
  the	
  Flux-­‐Mass	
  
space.	
  

•  Blue:	
  AGN	
  with	
  reverberation	
  
masses.	
  

•  Orange:	
  AGN	
  with	
  mass	
  from	
  	
  	
  	
  	
  	
  	
  
masses	
  from	
  Hβ	
  widths.	
  

•  Cyan:	
  ULX,	
  assuming	
  IMBH.	
  
•  Magenta:	
  Stellar	
  Mass	
  BH.	
  
•  Yellow:	
  NS	
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STROBE-X: The Measurements 

•  What	
  will	
  we	
  measure?	
  
•  Signature	
  of	
  
Reverberation	
  in	
  PSD	
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Fig. 22 Left: Lag-frequency spectra for different impulse response shapes and dilution. The
Gaussian impulse response case is shown using dashed lines. Right: The modulus-squared
of the Fourier transforms of the top-hat and Gaussian response functions, which shows the
‘filter’ which the driving signal PSD should be multiplied by to yield the output PSD from
the reflection band.

rapid variability). However, more complex shapes are seen at higher frequencies
where the undiluted top-hat and Gaussian cases simply correspond to the
modulus squared of a sinc function and zero-centred Gaussian respectively. The
most interesting cases are the diluted top-hat and Gaussian impulse responses,
which show a prominent dip in the filter around the frequency where the lag
oscillations occur. This arises as a ‘destructive interference’ effect, since at this
frequency the reflected lagging signal is π radians out of phase with the input
signal which is produced in the same band by the ‘diluting’ delta-function, so
the two signals cancel each other out. At higher frequencies the filter flattens to
an approximately constant value equal to (1+R)−2, which is due to the direct
continuum component (the reflected lagging component is almost completely
filtered out).

4.1.5 Summary and comparison with observations

We first summarise the key results from our examination of simple impulse
responses:

1. The centroid time (τ0) of the lagging impulse response component sets the
frequency where the lag drops to reach zero (ν = 1/2τ0). The centroid
(together with dilution) also sets the value of the low-frequency constant
time lag.

2. The dilution of the lagging (‘reflected’) component by the direct continuum
(defined by R, which is the reflected flux expressed as a fraction of the direct
continuum flux in the same band), causes a reduction in the low-frequency
constant time-lag, by a factor R/(1+R). Dilution also affects the shape of
the high-frequency drop to zero lag and subsequent oscillatory behaviour,
but does not change the frequency of the drop to zero lag from the value
set by τ0.

3. The drop and oscillatory behaviour seen in the lags at high frequencies
is a consequence of the time-shift of the lagging component and not an
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STROBE-X: The Measurements 

•  What	
  will	
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Summary 
•  Current	
  measurements	
  explores	
  the	
  tip	
  of	
  the	
  iceberg	
  of	
  

relativistic	
  reverberation	
  in	
  AGN.	
  

•  Orbital	
  gaps:	
  we	
  know	
  how	
  to	
  handle	
  them.	
  Cons:	
  missing	
  some	
  
time-­‐scale.	
  Pros:	
  gain	
  long	
  time-­‐scales.	
  

•  With	
  Strobe-­‐X,	
  tens	
  of	
  of	
  sources	
  will	
  have	
  sub-­‐Rg	
  lag	
  
measurements,	
  opening	
  new	
  frontiers.	
  

•  Direct	
  measurement	
  of	
  Response	
  function	
  of	
  the	
  iron	
  line	
  (&	
  the	
  
whole	
  spectrum)	
  through	
  frequency-­‐resolved	
  lag-­‐energy	
  	
  à	
  
Geometry	
  at	
  horizon	
  scales.	
  

•  Trade-­‐off	
  time:	
  XRCA	
  is	
  downgrade	
  is	
  less	
  sensitive	
  to	
  lag	
  
measurement	
  than	
  LAD.	
  


